Background: Avian influenza viruses (AIVs) have been identified from more than 100 different species of wild birds around the globe. Wild migratory birds can act as potential spreaders for AIVs to domestic birds between different countries. Egypt is situated on important migratory flyways for wild birds between different continents. While much is known about circulation of zoonotic potential H5N1 and H9N2 AIVs in domestic poultry in Egypt, little is known about the pivotal role of migratory birds in the maintenance and transmission of the viruses in Egypt.
Background
Avian influenza virus (AIV), based on the antigenic properties of the hemagglutinin (HA) and neuraminidase (NA) proteins, has 16 HA subtypes and 9 NA subtypes (Krammer et al. 2018) . Furthermore, AIVs are classified, according to their virulence in chickens, into low pathogenic avian influenza viruses (LPAIVs) and highly pathogenic avian influenza viruses (HPAIVs) (Chatziprodromidou et al. 2018) . The classification into LPAIV vs. HPAIV is based on the amino acid sequence at the cleavage site of the HA0 precursor protein (multiple basic amino acid cleavage site for HPAIVs), and/or the lethality of the virus when injected into specific pathogen-free (SPF) chickens (HPAIV has an intravenous pathogenicity index > 1.2) (OIE 2018). Moreover, different AIV subtypes-including H5N1, H5N6, H6N1, H7N2, H7N3, H7N4, H7N7, H7N9, H9N2, H10N7, and H10N8 have crossed species barriers and caused human infections Wei et al. 2013; Chen et al. 2014; Freidl et al. 2014) .
Wild birds are natural reservoirs of AIVs, and most HA and NA subtypes have been detected in wild birds, notably waterfowl (i.e. ducks, geese and swans) (Olsen et al. 2006) . LPAIV subtypes H3, H4, H5, H6 and H11 are the most frequently reported from apparently healthy migrating birds (Munster et al. 2007; Kuiken 2013; Latorre-Margalef et al. 2014) . LPAIVs of the H7 and H9 subtypes are the most frequently detected subtypes in domestic birds, causing considerable economic losses in poultry production (Fusaro et al. 2011; Sun and Liu 2015; Thuy et al. 2016) . The HPAIV infection of domestic birds, in particular of the order Galliformes, is associated with a high mortality rate reaching up to 100%, while HPAIV infections can be asymptomatic in some wild bird species (Pantin-Jackwood and Swayne 2009).
Egypt is identified as one of the countries endemically infected with HPAIV H5N1 since 2006 which repeatedly spilled over to humans since its first report (Abdelwhab et al. 2016) . Wild birds were implicated as the main source of the introduction of HPAIV in Egypt in 2005 (Abdelwhab et al. 2016; Naguib et al. 2019) , and this theory was supported by the massive spread of the disease throughout Egypt within few weeks, and similar observation was made with HPAIV H5N8 in late 2016 (Kandeil et al. 2017; Selim et al. 2017; Yehia et al. 2018) . In parallel, LPAIV of H9N2 is endemic in domestic birds in Egypt since its first recorded incidence in 2010 (Monne et al. 2013; Naguib et al. 2017) . The simultaneous existence of the three AIV subtypes among different poultry populations in Egypt rates this country as a hotspot for the generation of new subtypes and genotypes of AIVs by reassortment (Naguib and Harder 2018) , where a reassortant HPAIV H5N2 was recently reported in Egypt as a result of natural reassortment between the Egyptian LPAIV H9N2 and HPAIV H5N8 viruses (Hagag et al. 2019) . The aim of this study was to define AIVs prevalence in wild birds in Egypt in 2017 by collecting samples from the main avian stopover and wintering places.
Methods

Samples collection
In November and December 2017, 168 swab samples (pooled oropharyngeal and cloacal swab) were collected from 84 migrating birds comprising 6 different bird species namely Eurasian Coot (Fulica atra), Common Quail (Coturnix coturnix), Eurasian Teal (Anas crecca), Turtle Dove (Streptopelia turtur), Northern Shoveler (Spatula clypeata), and Great Cormorant (Phalacrocorax carbo). Samples were collected from live bird markets (LBMs) near wetlands and lakes in Sharkia, Behira, and Ismailia Governorates in Egypt during a targeted surveillance of wild birds conducted by General Organisation for Veterinary services (GOVs), and more details are presented in Table 1 and Fig. 1 . Such migratory birds were captured earlier by hunters near different wetlands and lakes prior to be sold to consumers in live bird markets for human consumption. Samples were shipped to the National Laboratory for veterinary Quality control on Poultry production (NLQP), Animal Health Research Institute (AHRI), Giza, Egypt for virus screening and identification.
Virus screening and isolation
Viral RNA was extracted from pooled tracheal and cloacal swabs of individual birds following QIAamp viral RNA mini kit (Qiagen Gmbh, Hilden, Germany) instructions. RNAs were screened for the Matrix (M) gene of influenza A viruses using AgPath-ID one step Reverse transcription polymerase chain reaction (RT-PCR) kit (Applied Biosystems, Foster City, CA, USA) in 25 µL volume/reaction containing specific primers and probe as described previously (Yehia et al. 2018) using the real-time PCR Mx3005P QPCR System (Agilent, Santa Clara, CA, USA). Samples with a quantitation cycle (cq) value ≤ 38 were considered positive. Positive AIV RNAs were hemagglutinin (HA)-subtyped for H5, H7, and H9 subtypes and neuraminidase (NA) subtyped using specific subtyping RT-qPCR (Slomka et al. (Fereidouni et al. 2009 ). Virus isolation was attempted on all samples with a Ct ≤ 35 through allantoic sac inoculation of 10-day-old specific-pathogen-free (SPF) embryonated chicken eggs according to the OIE diagnostic manual standard protocols (OIE 2018).
Genetic and phylogenetic analyses
Amplification attempts for all influenza M-positive RNA samples were performed using SuperScript III One-Step RT-PCR System (Invitrogen, Carlsbad, CA, USA) and primers described previously (Hoffmann et al. 2001) for HA and NA genes and as by (Naguib et al. 2015) for the remaining gene segments. The gene-specific RT-PCR amplicons were size-separated by agarose gel electrophoresis, excised and purified from gels using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Further, purified PCR products were used directly for cycle sequencing reactions using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). Reaction products were purified using Centrisep spin column (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced on an ABI PRISM ® 3100 Genetic Analyzer (Life Technologies, Carlsbad, CA, USA). Sequences were visualized and assembled using the Geneious software, version 11.0.5 (Kearse et al. 2012) . A Basic Local Alignment Search Tool (BLAST) search was performed by using Global Initiative on Sharing All Influenza Data (GISAID) platform, and sequences established in this study have been submitted to the GISAID database (accession numbers: EPI1370641-8). In addition, genetic sequences of representative strains were retrieved from the GISAID platform and the influenza research database (IRD). Alignment and identity matrix analyses were conducted by using Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh and Standley 2013) and Geneious software, version 11.0.5 (Kearse et al. 2012) . Phylogenetic analyses were based on maximum likelihood methodology based on Akaike criterion after selection of the best-fit models by using IQ-TREE software version 1.1.3 (Nguyen et al. 2015) . Trees were viewed and edited with FigTree v1.4.2 software (http:// tree.bio.ed.ac.uk/softw are/figtr ee/).
To estimate the source and time of emergence of the Egyptian LPAIV H6N2, a total of 68 representative sequence data of the HA gene segment were obtained from the GISAID and IRD databases. The Markov chain Monte Carlo (MCMC) method implemented in the BEAST (Bayesian Evolutionary Analysis Sampling Trees) package (version 1.8.0) (Drummond et al. 2012 ) was run for 10 8 iterations, with sampling every 10,000 steps using uncorrelated lognormal relaxed clock models after identifying the best-fitting substitution model using jMod-elTest 2.1.7 (Darriba et al. 2012 ). The maximum clade credibility (MCC) tree was constructed after discharging the first 10% used as burn-in, and the convergence was assessed by estimating the effective sample size (ESS) (> 200) using TreeAnnotator v1.8.0 software. Finally, the tree was visualized using FigTree v1.4.2 software.
Results
AIV prevalence and host species
Seven cloacal and oropharyngeal swabs pools out of the 84 paired cloacal and oropharyngeal swabs pool, collected from migratory birds, were identified as influenza A virus positive according to an analysis of Matrix gene by qRT-PCR. Among these seven positive samples, six were H5 positive collected from Northern Shoveler (n = 3) and Eurasian Teal (n = 3) collected from Sharkia governorates (Berket Akyad and Berket el Abasa, respectively). Neuramindase (NA) gene subtyping attempts of those samples were unsuccessful. This may be related to low virus load in the collected samples (cq value [35] [36] [37] [38] . The other positive sample, collected from Eurasian teal in Behira governorate, was subtyped as H6N2. Isolation attempts for all positive influenza A RNA viruses were conducted, and only one virus, from the Eurasian Teal, was successfully isolated. The complete genome sequences of one successfully isolated virus (H6N2 subtype) were obtained and designated as A/Eurasian_teal/ Egypt/P2-29/2017 (H6N2) (hereafter EG/P2-29).
Identity analysis
To trace the origin of the Egyptian LPAIV EG/P2-29, a comparative identity analysis of all gene segments was conducted using the BLAST tool in the GISAID platform against all published sequences. The HA and M gene segments of the EG/P2-29 virus shared sequence identities at the nucleotide level of 97% and 99% with the LPAIV H6N1 (A/mallard duck/Georgia/7/2015 (H6N1)). The NA gene segment revealed highest similarity of 98% with the NA gene of the A/mallard/Markeev/16-3-11/2016 (H5N2) strain. The polymerase basic 2 (PB2) and polymerase basic 1 (PB1) genes segments shared a homology of 98% with HPAIV H5N5 A/wigeon/Italy/16VIR9616-3/2016. The polymerase acidic (PA) gene segment of the EG/P2-29 was very closely related to H7N9 virus isolated from the Netherlands (A/chicken/Netherlands/16007311-037041/2016) with 99% identity. Further, the nucleoprotein (NP) gene displayed an identity of 97% with recent H5N8 Korean viruses (Additional file 1: Table S1 ). The nucleocapsid (NS) gene segment possessed a high homology 98% with A/tufted duck/Georgia/1/2012 (H2N3) virus and similar identity was noted with A/domestic duck/Georgia/12/2016 (H4N6) virus. Different gene segments and their highest-identity viruses are listed in more detail in Additional file 1: Table S1 . Taken together, these results indicate that the EG/P2-29 has been reassorted from different AIV subtypes.
Genetic characterization of the reassortant H6N2
The HA gene of the EG/P2-29 virus possessed only one basic amino acid, arginine in the cleavage site of HA1 and HA2 "PQIETRGLF" indicating low pathogenicity of this virus. The HA carries P186, E190, Q226, and G228 amino acid residues at the receptor binding sites suggesting a higher affinity for avian receptor (α2-3-SA). However, the EG/P2-29 virus exhibits T160A amino acid mutation in the HA protein (Additional file 1: Table S2 ). Additionally, for the potential N-linked glycosylation sites, eight sites were presented in the HA coding protein (positions 26, 27, 39, 182, 306, 311, 498 and 557) . The NA fragment possessed a complete NA stalk (no 9aa deletion). No mutations associated with resistance to NA inhibitors were observed in the NA protein (Samson et al. 2013) .
Moreover, the Egyptian EG/P2-29 possessed no substitutional mutations at known molecular features associated with virulence, like E627 and D701 in PB2; I368V and L598P in PB1; V100A and in PA (Additional file 1: Table S2 ) (Stubbs and Te Velthuis 2014) . Nevertheless, V291I substitutional mutation was observed in the PB2 encoded protein. The PB1-F2 protein was encoded by 90aa; where an N66S substitution was found, and this substitution is associated with the increased virulence (Conenello et al. 2007 ). The N30D and T215A changes in the M1 protein (Fan et al. 2009 ) and the P42S and N205S changes in the NS1 protein suggested that the viruses could exhibit increased virulence in mammals (Kamal et al. 2014 ). Furthermore, S31 was found in M2 proteins, indicating no resistance to amantadine (Gleed et al. 2015) .
Phylogenetic analysis of reassortant H6N2
The maximum clade credibility (MCC) phylogenetic tree of the HA gene segment revealed that the Egyptian EG/P2-29 virus isolated in this study clustered closely together with the H6N1 virus previously detected in Georgia 2015 (Fig. 2) . The NA gene segment possessed a close phylogenetic relationship with AIV H5N2 viruses that were previously isolated in Ukraine (A/mallard/ Markeev/16-3-11/2016) in 2016 ( Fig. 3) , where they shared a common ancestor with A/mallard duck/Netherlands/18/2012 (H4N2).
Based on the phylogenetic trees, the PB2 and PB1 segments of the Egyptian EG/P2-29 virus were closely related to H5N5 and H5N8 viruses reported in Europe 2016 and Saudi Arabia 2017, respectively (Fig. 4a, b ) which located within clade 2.3.4.4. The PA gene of EG/P2-29 showed a close relationship with H7N9 and H3N2 viruses detected in the Netherlands (Fig. 4c ). The NP gene was grouped with the Korean H5N8 viruses (Fig. 4d) . The M segment of the Egyptian virus was found phylogenetically related to the H10N7 virus from China and viruses from Bangladesh and the same Georgian virus A/mallard duck/Georgia/7/2015; while the NS showed close phylogenetic relatedness to H6N1 and H7N1 from Bangladesh (Fig. 4e, f ).
Discussion
Wild migratory birds are the natural reservoirs of avian influenza viruses, in which they are generally found as low-pathogenic subtypes (Olsen et al. 2006) . Egypt is a particularly important country for wild birds. This is due to the very strategic location of the country at the narrow boarder between the African and Asian continents (BirdLife 2018). Egypt is situated on the path of the Mediterranean-Black Sea and East-Africa West-Asia flyways of wild migratory birds, where wide variety of bird species are using these flyways each year particularly of the order Anseriformes and Charadriiformes (Ibrahim 2011; BirdLife 2018; Naguib et al. 2019) . The surveillance of AIVs in domestic poultry in Egypt has been maintained for more than a decade and has undergone remarkable progress, but studies on wild birds are limited.
Reassortment is considered the main mechanism which allows new influenza virus to evolve through different gene segment(s) exchanges (Steel and Lowen 2014) . The ability of migratory waterfowl to move over large geographic distances, combined with the substantial AIV prevalence and the diversity, can offer the opportunity for novel reassortant viruses to emerge through co-infection events . Avian influenza virus of H6 subtype has been found in wild birds with different NA combinations (NA1-9) (Peng et al. 2014; Gerloff et al. 2016; Verhagen et al. 2017; Li et al. 2019) . The LPAIV H6N1 subtype has crossed the species barrier and has been observed to infect human and was isolated from a 20-year-old woman in Taiwan in May 2013 (Wei et al. 2013) . Based on the analysis of sequence characteristics of the Egyptian H6N2 (EG/P2-29), different amino acids substitutional mutations related to the pathogenicity and transmissibility of the virus in mammalian models have been recorded. Among those mutation: 160A is in the HA; V291I is in the PB2; N66S is in the PB1-F2 protein (Conenello et al. 2007 ). In addition, the N30D and T215A changes in the M1 protein (Fan et al. 2009 ) and the P42S and N205S changes in the NS1 protein are associated with increased virulence in mammals (Kamal et al. 2014 ). The internal gene segments of the EG/P2-29 showed no identity with any of the currently available H6N2 viruses on the GISAID platform indicating that a LPAIV H6N2 virus with novel gene constellation has been detected. Notably, the Pb2 and PB1 segments of the Egyptian EG/P2-29 virus shared common ancestors (A/barnacle goose/Netherlands/2/2014(H3N6) for the PB2 and A/ duck/Hubei/ZYSYG3/2015(H6N2) for PB1) with recently HPAIV H5N5 in Europe and HPAIV H5N8 in Saudi Arabia respectively (Al-Ghadeer et al. 2018 ).
However, the occurrence of the reassortment event in domestic poultry followed by spillover transmission to wild bird can't be excluded, and it is clear that the novel isolated virus in this study is not genetically related to the any of the previously isolated viruses in Egypt. A previous study reported AIV H5N1 in migratory mallards from LMB in Egypt which is closely related to the AIV H5N1 circulating in domestic poultry in Egypt (Kayed et al. 2019) . The unsuccessful attempt for sequencing of AIVs of H5 subtype in this study samples, makes 
Conclusions
In summary, the genetic and phylogenetic analyses of the Egyptian EG/P2-29 virus indicated that a novel virus has emerged through a reassortment event that has been occurred between H6 subtype and non-H6 subtypes in the AIV gene pool. The human adaptation mutations observed among the HA, as well as the novel genetic reassortment pattern, might have a higher affinity toward human-type receptor. Hence, further studies into the pathogenicity and transmission of this virus in mammalian animal model are required. Continual surveillance of AIVs in migratory birds in Egypt is particularly important to better understand the role of wild birds in the transmission of AIVs to domestic poultry population; in 
